Plastids are vital organelles, fulfilling important metabolic functions that greatly influence plant growth and productivity. In order to both regulate and harness the metabolic output of plastids, it is vital that the process of plastid division is carefully controlled. This is essential, not only to ensure persistence in dividing plant cells and that optimal numbers of plastids are obtained in specialized cell types, but also to allow the cell to act in response to developmental signals and environmental changes. How this control is exerted by the host nucleus has remained elusive. Plastids evolved by endosymbiosis and during the establishment of a permanent endosymbiosis they retained elements of the bacterial cell-division machinery. Through evolution the photosynthetic eukaryotes have increased dramatically in complexity, from single-cell green algae to multicellular non-vascular and vascular plants. Reflected with this is an increasing complexity of the division machinery and recent findings also suggest increasing complexity in the molecular mechanisms used by the host cell to control the process of plastid division. In the present paper, we explore the current understanding of the process of plastid division at the molecular and cellular level, with particular respect to the evolution of the division machinery and levels of control exerted on the process.
Introduction
Plastids are essential organelles found in the cells of plants and algae. Plastids develop from small, colourless, undifferentiated proplastids in dividing meristematic cells. In plants, plastids may differentiate into several forms depending on both the developmental state and the cell type. In addition to the role of chloroplasts as energy providers through photosynthesis, plastids also house a variety of intermediate metabolic pathways essential for plant cell function and are the site of storage of a wide variety of products, for example, pigment synthesis and storage in chromoplasts in fruits and flowers, monoterpene synthesis in leucoplasts in petals, starch storage in amyloplasts in tubers and fat storage in elaioplasts [1, 2] . Given the variety of cellular processes that plastids partake in, their role in plant growth and development cannot be underestimated, and it is obviously essential that plastid numbers are tightly regulated.
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host cell and consequently be maintained with the cells. Reminiscent of their cyanobacterial ancestors, plastids have retained elements of the bacterial cell-division machinery. However, the process of endosymbiosis has resulted in new challenges and necessitated the need for the plastid-division machinery to evolve. Significantly, most plastids have lost the peptidoglycan cell wall and are instead surrounded by a double-membrane system. Furthermore, there has occurred an extensive loss of genetic information from the plastid genome and many genes necessary during a free-living state have been lost and others relinquished to the host nucleus. The extensive movement of genetic information to the nucleus means that a majority of plastid proteins are now translated on cytosolic ribosomes and plastid targeting is essential to ensure that plastid proteins are reimported to their original site of function [4] . Consequently, all essential plastid processes, including plastid division, are dependent on the regulated import of nuclear-encoded proteins.
Plastids are present in many cell types, ranging from simple single-celled algae to multicellular higher plants, and throughout evolution different methods of plastid division regulation have possibly developed to integrate the division of plastids with each specific host cell cycle. At the most basic level of control, it is of primary importance for cells to regulate the appropriate distribution of plastids during cell division to guarantee the maintenance of plastids in new cells. In different organisms this creates different challenges: for example, unicellular algae, such as Chlamydomonas or Cyanidioschyzon merolae, have only one chloroplast per cell and so co-ordination of cell and chloroplast division is essential to ensure that each daughter cell contains a chloroplast. In contrast, the meristematic cells of higher plants contain between 10 and 20 proplastids which may lessen the stringency of regulation imparted on the segregation of plastids to daughter cells, but proplastid division must still keep pace with cell division [5] [6] [7] . At a more advanced level of regulation, in multicellular plants the plastid populations must be regulated in a cell-typespecific manner to ensure that specialized cell types can carry out their functions optimally. In the best studied example, young photosynthetic mesophyll cells of Arabidopsis contain only ∼ 14 chloroplasts that must undergo several controlled rounds of division to result in a final complement of ∼ 100 chloroplasts per cell [8] , and it is feasible that analogous control mechanisms exist in other specialized cell types.
Clearly, the division of plastids is dependent upon interactions between the nuclear and organelle genetic systems, and plastid division must be intimately linked with the host cell cycle. How the organelle and its biogenesis have been incorporated into the environment of the cell and placed under the control of the host nucleus is an intriguing question. The study of the evolution of plastids has been a driving force behind plastid division since the early discovery of relics of the bacterial division machinery. As photosynthetic eukaryotes have increased in complexity and the portfolio of processes governed by plastids has increased, so has the complexity of the division machinery and control mechanisms exerted on it. In the present review, we consider the evolution of the division machinery with particular reference to molecular mechanisms and control processes that govern the process in photosynthetic eukaryotes.
Composition and control of the stromal plastid-division machinery
Among the events that accompanied the evolution of chloroplasts from their endosymbiotic ancestors was the host-cell recruitment of the prokaryotic cell-division protein FtsZ to function in chloroplast division. A homologue of the highly conserved, essential bacterial cell-division protein FtsZ was first discovered in the nuclear genome of Arabidopsis [9] , and subsequently FtsZ genes have been identified in many plant and algal species (Figure 1 ). FtsZ is a central component of all bacterial and plastid division machineries characterized to date; indeed, in some bacteria, FtsZ is sufficient to bring about division alone [10] . FtsZ is a structural homologue of tubulin and it is believed that polymerization of the FtsZ protein into a ring at the midcell/midplastid point is the initiating event in both bacterial cell division and plastid division [11] .
There is evidence that FtsZ is regulated at the transcript level in several photosynthetic eukaryotes. For example, in Chlamydomonas a degree of up-regulation of FtsZ transcript is witnessed during plastid division in synchronized cultures [12] . Furthermore, it has been shown that FtsZ in cucumber is up-regulated in response to light and cytokinin [13] . Microarray data indicate that FtsZ is induced in lateral roots of Arabidopsis [14] , whereas promoter-driven GUS assays and an immunoblotting experiment of young emerging leaves in Arabidopsis suggests that this FtsZ is not regulated during leaf development [15] . Clearly, the non-synchronous nature of plastid division in Arabidopsis has meant that it is difficult to study potential modes of regulation at the transcript level, and more research will be needed to establish whether transcriptional control of plastid-division genes is an important control point in all plants and algae.
Interestingly, whereas the division of Escherichia coli and most other bacteria requires only one FtsZ protein, the nuclear genomes of algae, mosses and higher plants have been shown to harbour at least two families of FtsZ proteins, termed FtsZ1 and FtsZ2 [16, 17] . Both the FtsZ1 and FtsZ2 clades have been shown to be essential for chloroplast division, indicating that they have unique functions in the chloroplast division machinery [16] . The duplication of FtsZ at such an early evolutionary stage suggests that this event has played an indispensable role in the establishment of a stable endosymbiotic relationship and raises the interesting question of what evolutionary pressures induced this event.
It has been considered that the addition of FtsZ proteins was a mechanistic requirement or a means for the host cell to exert some level of control over the process, and current understanding suggests that both might be correct.
Both the FtsZ1 and FtsZ2 clades are highly conserved and retain many characteristics of the bacterial FtsZ proteins. However, despite high levels of similarity, there are several notable differences that may be important for the machinery or control of division. First, both AtFtsZ1-1 (At is Arabidopsis) and AtFtsZ2-1, as well as seven bacterial FtsZ proteins, have been shown to be GTPases [18] [19] [20] [21] [22] , and analysis of the primary structure of plastidic FtsZ proteins reveals that all FtsZ1 and FtsZ2 proteins contain motifs associated with the GTPase activity, indicating that this is probably a universal property [18, 23] . However, in plant FtsZ1 proteins, a threonine residue in the tubulin signature motif is replaced by serine, and since in vitro data have indicated that the rate of GTP hydrolysis of AtFtsZ1-1 and AtFtsZ2-1 is different, the substitution could represent an important divergence between the two protein families. It is speculated that polymerization-induced GTP hydrolysis may provide the force for division, but what the potential differences in enzymatic activity could mean in evolutionary and biological terms is unknown. Furthermore, it remains to be confirmed whether the GTPase activity of the FtsZ proteins of algae and lower plants is variable, but this certainly warrants further investigation.
In E. coli, FtsZ also has an important role to play as a scaffold protein and is required to recruit at least ten essential cell-division proteins to the constriction site which are required for the progression and completion of cell division [24] . FtsZ2 proteins possess a conserved C-terminal domain, known as the CORE domain, a surface-exposed hydrophilic domain with the highly conserved sequence (D/E-I/V-P-X-F/Y-L), which is absent in FtsZ1 proteins [25] . In E. coli, the CORE domain mediates interaction between FtsZ and FtsA and ZipA, two proteins required for the stability and maintenance of the Z-ring [26, 27] . The Arabidopsis plastiddivision component ARC6 (accumulation and replication of chloroplasts 6) has been shown to interact with the CORE domain of AtFtsZ2, and localization and mutant studies indicate that ARC6 is required to stabilize the Zring [28] . ARC6 is conserved from the cyanobacterial Ftn2 protein and homologues are also present in algae and moss, and it is plausible that FtsZ2 and ARC6/Ftn2 have been retained throughout evolution to maintain the integrity of the Z-ring [28, 29] . Interestingly, in higher plants, ARC6 can physically interact with AtCDT1 (Arabidopsis Cdc10-dependent transcript 1), a protein with dual localization that forms part of the pre-replication complex in the nucleus and which also localizes to plastids [30] . AtCDT1 is not found in moss, algae or cyanobacteria and it is hypothesized that the incorporation of AtCDT1 into the plastid-division machinery of higher plants was necessary to co-ordinate events in the nucleus with those in organelles, since down-regulation of AtCDT1 alters both nuclear DNA replication and plastid division [30] . The identification of AtCDT1 provided the first molecular link between nuclear events and plastid division, and the consequence of the interaction between AtCDT1 and ARC6 on the plastiddivision machinery will be important to establish.
In higher plants, a paralogue of ARC6, termed PARC6, has recently been characterized as essential for plastid division [31] . PARC6 is believed to have arisen through a geneduplication event in primitive vascular plants and, like ARC6, is an inner-envelope membrane protein with an N-terminal domain extending into the stroma. Interestingly, despite the relatively recent evolution and high similarity of ARC6 and PARC6, PARC6 has evolved to have strikingly adverse functions from ARC6; whereas ARC6 is thought to stabilize the Z-ring, PARC6 appears to destabilize FtsZ filaments. PARC6 does not appear to accomplish this through a direct interaction with any FtsZ protein, but possibly indirectly through a novel protein, ARC3, which can interact with both PARC6 and FtsZ1 [31] . ARC3 is a modular protein harbouring an N-terminal FtsZ-like domain, which interacts with FtsZ1, and C-terminal MORN (membrane occupation and recognition nexus) motifs, which are necessary for the interaction with PARC6 [31] [32] [33] . The ARC3 FtsZ-like domain has lost motifs associated with catalytic activity, and may have evolved to mediate the interaction with AtFtsZ1. Interestingly, the MORN motifs may indicate a regulatory role for ARC3 in controlling the destabilizing function of PARC6, since many MORN domain motifs regulate both the protein enzymatic activity and subcellular localization and dynamics [34, 35] . Furthermore, the evolution of both PARC6 and ARC3 after non-vascular plants indicates that these components of the plastid division machinery may provide a control mechanism in higher plants (Figure 1) .
Vital for correct plastid division is the positioning of the Z-ring and any accessory proteins to the centre of the plastid to ensure symmetric division and the generation of two equally sized daughter plastids. In bacteria, the exact placement of the Z-ring is ensured by the combined effects of the Min family of proteins [36] , and homologues of the bacterial MinE and MinD proteins are encoded in the nuclear genome of Chlamydomonas, moss and higher plants [12, [37] [38] [39] . The plastid Min homologues have retained many characteristics of the bacterial Min system: MinE proteins act as topological specificity factors during plastid division and, like their bacterial homologues, the Arabidopsis and Chlamydomonas Min proteins can form a complex through a highly conserved interaction of the C-terminal amphipathic helix of MinE with MinD [40, 41] . Furthermore, AtMinD1 harbours a conserved deviant Walker A motif required for ATP hydrolysis, and AtMinD1 can hydrolyse ATP [42] . The ATPase activity of AtMinD1 is stimulated by AtMinE1 but, unlike in E. coli, this is not dependent on the presence of phospholipids and, furthermore, AtMinD1 ATPase activity is not stimulated by Mg 2+ , but by Ca 2+ , suggesting that differences have evolved in the protein's mechanistic action and regulation [42] . The change in the cation dependence of AtMinD1 may represent an evolutionary adaptation to respond to different signals within a plant cell. Indeed, many plant processes are regulated by calcium [43] . Although the ATPase activity of other plastidic MinD proteins is yet to be proven, it will be very interesting to explore whether the change in cation dependence is universal to plastid-division mechanisms or if the affect of Ca 2+ is specific to higher plants.
In bacteria, the Min system depends on MinC, a potent inhibitor of FtsZ polymerization recruited to the membrane by MinD. No MinC homologues have been identified in higher plants and until recently it was thought that MinC proteins may not be a part of plastid-division machineries. However, recent genome analysis has changed this view and indicates that the loss of MinC may have occurred as late as the evolution of vascular plants, since a potential homologue has been identified in both moss and green algae (Figure 1 ) [44] . Analysis of the function of these putative MinC proteins will be important for our understanding of the evolution of the division machinery. What is known, however, is that in both moss and Arabidopsis the Min system has evolved to incorporate at least two new components to regulate chloroplast Z-ring positioning: ARC3 (unique to higher plants) and MCD1 (multiple chloroplast division site 1) (unique to moss and higher plants) [32, 33, 45] . Inactivation of ARC3 or MCD1 causes a similar phenotype to the arc11 mutation or overexpression of MinE, with plastid-divisionsite misplacement and heterogenous chloroplast size [32, 45] . Both ARC3 and MCD1 can localize to the division site or as punctate spots in association with the membrane. ARC3 interacts with both AtMinE1 and AtMinD1, possibly acting as a regulatory or a scaffold protein between the Min and PARC6 proteins and the Z-ring [31, 32] . MCD1 is an innermembrane protein with a coiled-coil domain extending into the stroma. MCD1 is able to recruit MinD to the division site through direct interaction with the MCD1 stromal domain and also appears to enhance the inhibitory activity of MinD, since in the mcd1 mutant background MinD is unable to inhibit FtsZ filament formation as effectively [45] . Figure 1 illustrates and summarizes the rather complex evolution of the division machinery.
Cytosolic division machinery
Studies have shown that the formation of the central constriction at the plastid-division site is frequently associated with the appearance of an electron-dense annular structure termed the PD (plastid dividing) ring. The PD ring can be resolved into at least two concentric rings, one on the inner envelope and the other associated with the cytosolic surface of the outer-envelope membrane. The two PD rings have been observed in numerous plant and algal species, suggesting that the two PD rings represent a universal feature of dividing chloroplasts in all plant cells and giving the first evidence that photosynthetic eukaryotes have evolved and recruited a cytosolic component(s) to the division machinery [46] . Although no components of the PD rings have been identified, recent data have provided insights into the cytosolic division machinery and possible regulatory mechanisms in different cell types.
The first cytosolic components of the plastid-division machinery to be identified were dynamin-like proteins, which evolved after cyanobacteria and are part of the division machinery of both plants and algae. The dynamin superfamily is well documented to participate in fusion and fission of intracellular membrane structures, mediating events such as endocytosis and mitochondrial division in eukaryotes [47] . The Arabidopsis DRP5B (ARC5) and red alga C. merolae Dnm2 dynamin-like proteins have both been well-characterized, and phylogenetic analysis reveals that the role of dynamin proteins in plastid division evolved before the red and green algae diverged. Dynamins are multi-domain proteins and self-assemble into higher-order structures resembling rings, and this ancient acquisition of dynamin proteins may have been fuelled by the need to generate the force required to complete the division of the double-membraned plastid. Consistent with this idea, both DNM2 and CmDnm2 can localize to the outer chloroplast membrane to form a ring-like structure at the site of constriction [48] , and arc5 chloroplasts enter division and arrest when they have become centrally constricted, never completing division [8, 48] . Furthermore, experiments using optical tweezers demonstrated that CmDnm2 generates the major constrictive force during division in C. merolae [49] . It is not yet known whether the role of dynamins is solely to provide a mechanochemical function in all photosynthetic eukaryotes or whether regulation of late stages of plastid division can be imparted through the dynamins.
The localization of DNM2 to the plastid-division site requires the concerted action of two proteins: PDV (plastid division) 1 and PDV2 [50] . Although only PDV1 has been fully characterized, based on the high similarity between PDV1 and PDV2 it is thought that both are located in the outer membrane of the chloroplast envelope with their Nterminal domains extending into the cytoplasm. Both PDV1 and PDV2 localize to the chloroplast-division site and recruit DNM2 after constriction has initiated. Interestingly, the localization of PDV1 and PDV2 to the plastid-division site is dependent on PARC6 and ARC6 respectively [31, 50] . PDV2 has been shown to physically interact with ARC6 in the innermembrane space, and disruption of this interaction leads to PDV2 being unable to recognize the chloroplast-division site and subsequently unable to recruit ARC5 to the correct place [50] . This is the first evidence that there is a molecular link between the cytosolic and stromal division machineries. This molecular link may mark the site of division for cytosolic component assembly and enable communication between the two machineries, possibly evolving in higher plants so that the activity of the Z-ring in the stroma and the dynamin ring in the cytosol can be co-ordinated. Indeed, since PARC6 and ARC6 function as antagonistic regulators of Z-ring dynamics, the link to PDV1 and PDV2 respectively may serve as a means of the host nucleus imparting control on these opposing actions to control plastid division. The absence of both PDV1 and PARC6 in moss demonstrates that different levels of control have evolved from non-vascular to vascular plants.
Interestingly, it has been found that PDV levels in both Arabidopsis and moss determine the rate of chloroplast division. An increase or decrease in either PDV protein results in an increase or decrease in plastid division in Arabidopsis respectively [31] . Similarly in moss, overexpression of PDV2 results in an increase in the number of chloroplasts in protonemal cells. The PDV proteins may play a regulatory role through development since the level of PDV2 has been shown to decrease during leaf development, in line with the decrease in division rate. In Arabidopsis, PDV2 levels are induced by CRF2 (cytokinin response factor 2) overexpression, a transcription factor mediating transcriptional responses to the plant hormone cytokinin. Furthermore, application of exogenous cytokinin results in elevated levels of PDV2 in both Arabidopsis and moss, accompanied by an increase in chloroplast number in cotyledons or newly budding cells respectively [31] . These data clearly demonstrate a role for the PDV proteins during development and it will be interesting to determine how a change in the stoichiometry of the division proteins affects the division process. PDVs are unique to higher plants and it is feasible that the requirement to regulate the division rate was a necessity in multicellular plants, explaining the appearance of the PDV proteins after nonvascular plants. It will be interesting to examine whether the PDV proteins control plastid numbers in specific cell types as well as during development.
Neither PDV1 nor PDV2 have orthologues in the red alga C. merolae, suggesting that red algae and green plants may use different mechanisms for recruitment of dynamin to the division site and for communication between the cytosolic and stromal division machineries. However, recent data indicate that an analogous connection does exist, since a plastid-dividing dynamin FtsZ-ring can be isolated as an intact structure from synchronized C. merolae cells, and that the linkage between all the rings is continuous and probably free of membrane lipids [49] . The identification of protein components that mediate the interaction between the stromal and cytosolic machineries in C. merolae will be a key finding.
Conclusions and future prospects
Recent developments have clearly shown that plastid division is performed by distinct, but co-ordinated, activities in both the cytosol and the stroma, which derive partly from the endosymbiont and partly from the eukaryotic host. How the machinery has evolved in photosynthetic eukaryotes with increasing complexity is intriguing and demonstrates the dynamic nature of the plastid-division process at the molecular level.
FtsZ and ARC6, along with components of the Min system, are descended from the cyanobacterial ancestor of plastids. Since the establishment of a permanent endosymbiosis, a cytosolic dynamin-like protein has been incorporated from the eukaryotic membrane-fission systems. These components of the plastid-division machinery have persisted throughout the evolution of photosynthetic eukaryotes indicating their vital nature during the remodelling of the plastid-division machinery. Gene-duplication events have clearly played an important role in increasing the division machinery repertoire in higher plants, with the evolution of new clades of FtsZ protein in both non-vascular and vascular plants, and of PARC6 in vascular plants. Furthermore, novel components have been incorporated, including MCD1 and the PDV proteins, and the identification of AtCDT1 has provided a direct molecular connection between nuclear activities and plastid division. The evolution of new components after land plants evolved from green algae has introduced levels of control, probably necessitated by the increasing complexity of multicellular plants.
Although the molecular and cellular processes governing plastid division are starting to become unravelled, limited information exists on how the process is integrated at the whole-plant level. Plants constantly respond to endogenous and environmental cues and because these are often additive, multiplicative or synergetic a high degree of developmental plasticity is required. How the process of plastid division adapts and becomes moderated in response to changing conditions will prove a challenging, but exciting, endeavour.
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